Experiments and simulations on single α-actin filaments in the Poiseuille flow through a microchannel show that the center-of-mass probability density across the channel assumes a bimodal shape as a result of pronounced cross-streamline migration. We reexamine the problem and perform Brownian dynamics simulations for a bead-spring chain with bending elasticity. Hydrodynamic interactions between the pointlike beads are taken into account by the two-wall Green tensor of the Stokes equations. Our simulations reproduce the bimodal distribution only when hydrodynamic interactions are taken into account. Numerical results on the orientational order of the end-to-end vector of the model polymer are also presented together with analytical hard-needle expressions at zero flow velocity. We derive a Smoluchowski equation for the center-of-mass distribution and carefully analyze the different contributions to the probability current that causes the bimodal distribution. As for flexible polymers, hydrodynamic repulsion explains the depletion at the wall. However, in contrast to flexible polymers, the deterministic drift current mainly determines migration away from the centerline and thereby depletion at the center. Diffusional currents due to a position-dependent diffusivity become less important with increasing polymer stiffness.
I. INTRODUCTION
Microfluidic devices have emerged as powerful tools for manipulating, controlling, and analyzing various processes in chemistry, physics, and biology such as DNA sequencing, polymerase chain reaction, cell sorting, and cell culturing. 1, 2 On the other hand, microfluidic channels are ideal tools for basic research. They allow controlled studies on the influence of confinement or mimic biological systems where confinement is essential. Examples are the flow of red blood cells through blood vessels or single actin filaments in the actin network of the cell cortex. Most importantly, using the pressure driven or Poiseuille flow through a microchannel, one can controllably drive suspended objects out of equilibrium and thereby induce novel and intriguing dynamic structure formation in complex fluids. In this article we address the flow-induced migration of a semiflexible polymer across streamlines by Brownian dynamics simulations. This effect is commonly called cross-streamline migration. We explain it by analyzing the Smoluchowski equation for the probability distribution of the polymer's center of mass.
Already in 1836, Poiseuille observed in his studies of blood flow that an absence of red blood cells near the confining walls, 3 which was caused by cells migrating perpendicular to the flow direction. More than 100 years later, Segre and Silberberg investigated rigid spheres flowing through circular tubes with a diameter of ∼1 cm and found that the spheres accumulate at a distance of 0.6 times the tube radius from the centerline. 4 So, in addition to depletion at confining walls a) Author to whom correspondence should be addressed. Electronic mail: badte@itp.tu-berlin. de. reported in earlier studies, 3, 5 migration of the particles away from the channel's centerline occurred. Further experiments confirmed this observation, [6] [7] [8] also in microfluidic devices with flow velocities of the order of m/s. 9 All these studies were explained by inertial forces acting on the particles since the Reynolds number Re was always larger than one. [10] [11] [12] At low Reynolds numbers close to zero, single spherical particles just follow the streamlines in a laminar flow as a result of the kinematic reversibility of the Stokes equations and crossstreamline migration does not occur. 13 This was explicitly demonstrated in Refs. 9 and 14. At low Reynolds numbers, rigid particles distributed homogeneously across the channel due to Brownian motion, whereas at finite Reynolds numbers they migrated to a position between the channel wall and centerline. However, in dense colloid suspensions the lateral particle profiles also become inhomogeneous. 15 Flexible polymers also show cross-streamline migration in the regime of low Reynolds numbers, which has been intensively studied. A depletion of polymers near walls in planar shear flow as well as in Poiseuille flow was observed in computer simulations [16] [17] [18] [19] [20] [21] [22] [23] and experiments. [24] [25] [26] Since a polymer interacts hydrodynamically with bounding walls, migration towards the centerline occurs, where the thickness of the depletion layer increases with the strength of the flow. This explanation was confirmed by analytical arguments 27, 28 and it describes well repulsion from bounding walls. In addition, simulations reported migration away from the channel's centerline, [18] [19] [20] 22 especially under strong confinement. 19 As a result, the maximum concentration of the polymer occurs at a finite distance from the centerline and the depletion in the center increases with flow strength. 19, 20, 22 The spatially varying shear rate of a Poiseuille flow changes orientation and conformation of a polymer within the channel. Polymers are stretched close to the walls and they are coiled at the center. [16] [17] [18] [19] [20] [21] This gives rise to a position-dependent diffusivity and thereby a diffusion current away from the center, 18-20, 22, 27 which generates the observed bimodal concentration profile.
Cross-streamline migration of semiflexible polymers, such as α-actin filaments, is much less studied. Since their bending rigidity significantly determines flow-induced conformations in the Poiseuille flow, we also expect an influence on cross-streamline migration. Indeed, recent experimental 29 and simulation 30, 31 studies report a much more pronounced bimodal concentration profile across the channel when compared to flexible polymers. This effect occurs even under less strong confinement. As for flexible polymers, the concentration profile is also explained by the competition between hydrodynamic polymer-wall interactions and enhanced diffusion away from the centerline.
In this article we reexamine the problem and perform Brownian dynamics simulations for a bead-spring chain with bending elasticity. Hydrodynamic interactions between the point-like beads are taken into account by the two-wall Green tensor of the Stokes equations. We indeed observe the bimodal distribution for the center of mass and present results on the orientational order of the end-to-end vector. Generalizing the approach of Ma and Graham, 27 we formulate and interpret our findings with the help of a Smoluchowski equation for the center-of-mass probability distribution by carefully analyzing all contributions to the probability current. In contrast to flexible polymers, we show that the deterministic drift current, where hydrodynamic interactions along the polymer are essential, mainly determines the bimodal distribution across the channel, whereas diffusional currents become less important with increasing polymer stiffness.
In Sec. II, we describe the model and our simulation method. Our results are presented in Sec. III. Here, we analyze the steady-state probability distribution for the center of mass and study both conformation and orientational order of the filament in the channel. In Sec. IV, we derive the Smoluchowski equation for the center-of-mass distribution and investigate the different contributions to the probability current. Finally, we summarize our results in Sec. V.
II. MODELING
In this section we describe how we model a semiflexible polymer in a pressure driven Poiseuille flow. We first introduce the semiflexible polymer as a bead-spring chain with bending elasticity, explain how it couples to the Poiseuille flow field, and finally summarize details of our Brownian dynamics simulations. The semiflexible polymer is confined between two parallel planar walls at positions z = −W and z = W, which are infinitely extended in the x-y plane (see Fig. 1 ). For simplicity, we assume that all parts of the chain only move in the y-z plane at x = 0. This corresponds to the experiments reported in Ref. 29 , where only filaments were recorded and analyzed whose motion occurred in a narrow region (±0.5 μm) around the focal plane of the microscope. Furthermore, this also reduces our computational efforts considerably. Between the walls a pressure driven Poiseuille flow is created, which we express as
where v 0 denotes the maximum velocity at the centerline z = 0, e y is the unit vector along the y axis, and W is the distance between the centerline and the walls.
A. Semiflexible polymer
The semiflexible polymer is modeled by a bead-spring chain that resists bending. 32 In this model, N spherical monomers of radius a and with Stokes friction coefficient γ = 6πηa are connected by N − 1 frictionless springs with spring constant H (see Fig. 2 ). Assuming a harmonic bond potential or Hooke's law for the springs, the total bond energy reads as
where q i = |r i+1 − r i | denotes the distance between beads i + 1 and i, r i is the position vector of bead i, and l is the bond length. To account for polymer stiffness, we apply the bending energy, 33 , 34
Here, q i = r i+1 − r i is the bond vector, κ is the bending rigidity, which is related to the persistence length 32 and · means scalar product. Finally, the force acting on bead i due to bending and stretching the bead-spring chain follows from
where ∇ i is the nabla operator with respect to the position vector r i . In addition, we let the beads interact by a hard-sphere (HS) potential
which implements their excluded-volume interaction. In the Brownian dynamics simulation (see Sec. II C), we approximate the hard-sphere potential by the steep repulsive potential
The beads are also repelled from the walls through the hard-core potential,
where z i is the z coordinate of r i and W is the distance from the centerline to the walls. When a bead overlaps with the wall during the Brownian dynamics simulation, we just move it back to bead-wall contact.
B. Hydrodynamic interactions
In the regime of low Reynolds numbers (Re 1), the creeping flow induced by the volume force density f (r) follows from the Stokes equations and the condition for incompressibility: 13, 36 
div v(r) = 0,
where v(r) is the fluid velocity, p(r) is the pressure field, and η is the viscosity of the fluid. For a point force acting at position r on the fluid, f (r) = F 0 δ(r − r ), the solution of the linear Eqs. (7) and (8) is called Stokeslet,
where T (r, r ) is the Green tensor of the Stokes equations. Equation (9) gives the flow field at position r induced by a point force at position r . For an unbounded fluid, the Green tensor is called Oseen tensor,
Green's tensor for a fluid confined between two planar walls was first derived by Liron and Mochon in 1975. 37 In analogy to electrostatics, they set up an infinite series of images in order to obey the no-slip boundary condition at the two bounding walls . In our work we will use an integral representation of the two-wall Green tensor derived by Jones. 38 It is more symmetric and easier to handle than the original form. It splits up naturally into the Oseen tensor and a reflectional part Figure 3 shows the flow fields induced by a point force situated close to a wall and acting either parallel or perpendicular to the wall. In our simulations, we store the values of the two-wall Green tensor on a grid and interpolate linearly between the grid points for intermediate locations.
An approximate Green tensor to satisfy the no-slip boundary conditions at both walls can be constructed from the Blake tensor, 39 which is the Green tensor in the presence of a single bounding planar wall. For any location of the point force within the two-wall geometry, one takes the Blake tensor of the lower wall to describe the flow field below the centerline and the Blake tensor of the upper wall to describe the field above the centerline. For point forces close to a wall, this approximation agrees well with the exact Green tensor in the region of the point force up to the centerline but deviates strongly when one crosses the centerline. For a point force on the centerline, we compare in Fig. 4 the two-wall tensor (on the left) to the approximate tensor (on the right). Clearly, there are quantitative differences between both flow fields. Since we wanted to have quantitatively correct results, we decided to work with the full two-wall Green tensor.
C. Brownian dynamics simulation
The beads in the model polymer also experience stochastic forces due to collisions with fluid molecules from the surrounding solvent. As usual, we take them into account as FIG. 4 . Field lines of the flow fields induced by a point force at the centerline; calculated by the two-wall Green tensor (a) and by the approximate Green tensor (b) based on the Blake tensor. 35 Gaussian white noise that obeys the fluctuation-dissipation theorem. 40 Using a compact notation, the resulting Langevin equation in differential form reads as 41, 42 
with 
The first line in Eq. (11) describes the drift motion of the beads, including the noise-induced spurious drift (div D), and the second line their Brownian motion. 41 To numerically integrate Eqs. (11), we use a predictor-corrector scheme summarized in Ref. 42 to avoid the explicit calculation of div D. An Euler step without the spurious drift generates an intermediate configuration X * (t + t) = X(t) + X * with
Then the corrector step calculates the final configuration X(t + t) = X(t) + X with
Here the symbol * means that these quantities are calculated for the intermediate configuration X * .
D. Parameters
In the experiments in Ref. 29 , α-actin filaments with a contour length of about L = 8 μm were analyzed in a microchannel with a square cross section of width 2W = 10 μm. The actin filament is a thin semiflexible biopolymer with a diameter of 8nm and a persistence length of L p = 13 μm. This gives the experimental value L p /L = 1.6. The velocity of the imposed Poiseuille flow at the centerline varied from
To be close to the experimental values, we choose the following parameters for our simulations. We set the width of the channel to the experimental value, 2W = 10 μm, and refer all our lengths to W. The polymer consists of N = 16 monomers and the equilibrium bond length to the nearest neighbor is l/W = 0.1 so that the total contour length amounts to L/(2W) = 0.75. The bead radius is set to a/W = 0.005 meaning l/a = 20 which allows to treat the beads as point particles when hydrodynamic interactions are calculated. The spring constant is set to H = 1.2 × 10 4 (k B T/W 2 ) and we will explore how the model polymer behaves when the persistence length varies from
We use the viscosity of water, η H 2 O = 0.01 P, and perform the Brownian dynamics simulations at a temperature T = 300 K. The imposed flow velocity at the centerline varies from v 0 = 0 mm/s to v 0 = 2.5 mm/s. The configurational update of the polymer is calculated after a time step of t = 10 −5 s. Since the evaluation of the two-wall Green tensor at each time step is very time consuming, we stored its values on a grid with 200 × 200 grid points and with a mesh size of 0.01W. Tensor values at intermediate locations are determined from the grid points by linear interpolation. The probability distribution and all averages presented in Sec. III A-III B are calculated after the polymer reached its steady state for various independent initial conditions.
III. RESULTS
The imposed parabolic Poiseuille flow of Eq. (1) drives the filament out of equilibrium and determines its steady state, 
which we quantify, e.g., by the center-of-mass probability distribution n(z C ). In this section we will investigate how flow strength, hydrodynamic interactions, polymer stiffness, and the ratio between bond length and bead radius, l/a, influence the polymer conformation, the center-of-mass distribution n(z C ), and the orientational order of the filament's endto-end vector. Figure 5 shows different snapshots of the filament near the centerline and near a bounding wall. For L p /L = 16, a video is provided in the supplemental material. 43 The filament constantly moves up and down along the lateral direction. Most of the time, it is aligned parallel to the flow direction although it is not perfectly straight. At the centerline, we also observe that the filament bends to a typical U shape that traces the Poiseuille flow profile (see Fig. 5, top) . This configuration is not stable when the filament moves away from the centerline. Outside the center, the filament also tumbles when the front end moves closer to the walls where it experiences a smaller flow velocity (see Fig. 5, bottom) . After one tumbling event, the filament aligns along the flow field until thermal motion moves the front end again closer to the wall. Increasing v 0 also increases the local shear rates and thereby the tumbling frequency.
A. Center-of-mass probability distribution
One quantity to characterize the filament within the microchannel is the steady-state probability distribution n(z C ) for its center of mass across the channel. We always normalize it to one, W −W n(z)dz = 1. The experiments of Ref. 29 clearly revealed that the distribution depends on how strongly the filament is driven out of equilibrium. In Fig. 6 , we plot the distribution for different flow strengths v 0 from the centerline to the bounding wall. Without flow the center of mass location z C is equally distributed within the interval |z C |/W ≤ 1 − L/2W = 0.25. In thermal equilibrium, such a behavior is expected for the freely moving filament with arbitrary orientation. For locations z C closer to the walls, the orientation of the stiff filament is more and more restricted due to the steric interaction with the wall and the distribution decreases to zero at the walls. For a rigid rod, one readily derives the distribution
with
which is compared to the simulated profile in the inset of Fig. 6 . Deviations result from thermal fluctuations of the filament. When we turn on the Poiseuille flow (see Fig. 6 , v 0 = 0.5 mm/s), the probability distribution close to the wall first increases. We understand this behavior. The tumbling events illustrated in Fig. 5 (bottom) and initiated by the Poiseuille flow allow the filament to move closer to the wall. Increasing the flow velocity further, the filament is depleted more and more at both walls. This is initiated by the hydrodynamic repulsion of the filament from the wall, which pushes it away from the wall. 18, 27, 28 The repulsion becomes clear with the help of Fig. 3 on the left. Due to the strong shear flow close to the wall, the filament is under tension which initiates a flow field that drives the model polymer away from the wall. 18, 27 In particular, at both ends of the rod tensional forces point into the rod. Each of these forces initiates a flow field similar to the one of Fig. 3(a) which drives the other end of the rod away from the wall. This phenomenon is different from the orientational lift forces reported in Ref. 28 . The most pronounced behavior of the system is the depletion of the distribution at the centerline. It leads to a bimodal probability density with a maximum at a finite distance from the center. The maximum increases with the flow strength. At the maximum, the migration towards the centerline induced by the hydrodynamic filament-wall interaction has to be cancelled by a probability current away from the centerline. Based on literature, 18, 23, 27 Refs. 29-31 attribute such a current to the spatially varying diffusivity of the filament across the channel: the U-shaped conformation at the centerline has a larger diffusivity than the straight filament outside the center. In Sec. IV, we will demonstrate that the current away from the center is mainly due to deterministic drift motion which becomes dominant over the diffusional current when the rigidity of the filament increases. Figure 7 shows the center-of-mass distributions at a fixed flow velocity v 0 = 2.5 mm/s for different persistence lengths L P . Here, the depletion layer at the walls decreases slightly with increasing bending rigidity, whereas the bimodal distribution becomes more pronounced. For larger rigidity, the migration away from the centerline increases. As a result, the depletion at z C = 0 becomes stronger and the position of the maximum is shifted towards the walls which causes the decreasing depletion layer. We will explain this behavior in Sec. IV. For L P /L = 16, the local minimum and the maximum of the distribution differ by a factor of two, which is comparable to the results of Ref. 29 .
Most of our simulations are done for a bead distance to radius of l/a = 20. This might mimic the thin actin filament. However, it also underestimates the overall friction between the filament and the solvent. In Fig. 8 , the center-of-mass distributions for different bead sizes a at a fixed flow velocity v 0 = 2.5 mm/s are shown. Increasing the overall friction of the model polymer with a enhances tensional forces within the polymer and thereby the drift currents, discussed in Sec. IV. FIG. 8 . Center-of-mass probability density for different ratios l/a at a fixed persistence length L P /L = 2 and a fixed flow velocity v 0 = 2.5 mm/s. In order to change the ratio l/a, we keep the length L and the number of beads N constant and vary the radius a of the beads. This corresponds to increasing the thickness of our model polymer. As a result, the bimodal distribution and the depletion at the walls become more pronounced.
Hydrodynamic interactions between different parts of the model polymer and with the wall are crucial for the observed bimodal distribution and the depletion at the walls. In Fig. 9 , we show the resulting center-of-mass distributions at different flow strengths when hydrodynamic interactions are switched off during the simulations. The equilibrium profile at zero flow field is the same as in Fig. 6 since it should not depend on dynamic properties such as hydrodynamic interactions. For nonzero flow velocity, the minimum in the center vanishes compared to Fig. 6 whereas the depletion close to the wall is less pronounced. It even decreases with increasing v 0 since the hydrodynamic repulsion from the wall is missing and the tumbling polymer is stronger confined due to larger viscous shear stresses. 29, 44 
B. Polymer orientation within the channel
To study how the Poiseuille flow influences the filament shape and orientation within the channel, we calculate the end-to-end vector R and determine its orientational order around the channel axis by the order parameter S,
Here θ is the angle between R and the y axis and S describes the orientational order in a two-dimensional system. 45 A polymer with randomly oriented end-to-end vector gives S = 0, whereas S = 1 means that the polymer is perfectly aligned along the flow direction and S = −1 indicates perfect orientation perpendicular to the flow direction.
Figures 10(a) and 10(b) show, respectively, the orientational order parameter and the average end-to-end distance R for different flow strengths. Without flow, S is nearly zero within the region |z C |/W ≤ 0.25, where the filament can freely rotate and where it assumes all orientations with equal probability. Outside this region, the filament's orientation is more and more restricted due to the steric polymer-wall interaction and S grows monotonically until it reaches S = 1 at the walls. For a rigid rod, one readily derives the order parameter as a function of |z C |/W,
where u is given in Eq. (17) . The inset of Fig. 10(a) shows very good agreement with our simulations. Deviations result from thermal fluctuations of the filament. They also explain that the end-to-end distance in Fig. 10(b) deviates slightly from one. In the presence of external flow both the order parameter and the end-to-end distance have a minimum in the center of the channel which we attribute to the U-shaped conformations illustrated at the bottom of Fig. 5 . S and R then increase monotonically until a nearly constant value or plateau is reached around |z|/W = 0.2. Here the filament is aligned along the flow (S > 0.7) and tumbling events cause the end-to-end distance to be smaller than for zero flow field. The end-to-end distance shows a weak minimum near the wall which we attribute to an increasing number of tumbling events since the shear stress on the filament within the channel becomes largest. Finally, very close to the wall, when tumbling events can no longer occur, the filament is perfectly aligned with the flow. The order parameter S reaches its maximum value one and the end-to-end distance even shows values above L for large flow strengths. Interestingly, the plateau value of S increases with the flow strength while R decreases. Higher shear rates align the filament better along the flow direction but they also initiate more tumbling events which reduce R but not S. We repeated our simulations without hydrodynamic interactions acting across the filament and from the wall. The results agree well with the behavior discussed in Figs. 10(a) and 10(b) . The same behavior occurs when we reduce the ratio l/a of bond length to bead radius from the value l/a = 20 used in most of our simulations to l/a = 5, where hydrodynamic interactions between the beads are stronger. This indicates that overall shape and orientation of the filament is determined by its overall friction with the solvent and, in particular, by the applied Poiseuille flow.
For stiffer filaments, the end-to-end distance R increases as indicated in Fig. 10(d) . The plateau value of the order parameter in Fig. 10(c) does not change strongly when the stiffness increases. Interestingly, the minimum value for S at the centerline first decreases to even negative values and then increases again. The negative values are caused by the U-shaped conformation where the end-to-end vector is perpendicular to the centerline. A persistence length L P /L between 4 and 8 seems to be the best choice for realizing the U-shaped conformation.
IV. KINETIC THEORY FOR A SEMIFLEXIBLE POLYMER
In this section we derive and analyze a Smoluchowski equation for the center-of-mass probability distribution of the bead-spring chain with bending elasticity. We thereby generalize the approach of Ma and Graham who formulated a kinetic theory for a bead-spring dumbbell. 27 We derive the Smoluchowski equation in Sec. IV A and study and discuss in detail the different contributions to the lateral center-ofmass current in Sec. IV B in order to identify the cause for cross-streamline migration.
A. Smoluchowski equation for center-of-mass current
The probability distribution ψ(r 1 , . . . , r N ; t) for finding the bead-spring chain in a state determined by the bead coordinates r 1 , . . . , r N at time t is governed by the Smoluchowski equation,
where we have introduced the probability density current of bead i
Here,ṙ
denotes the deterministic drift velocity and D ij = k B T μ ij is the diffusion tensor connected to the mobility tensor by the Einstein relation. Note that we use the convention where we sum over bead indices that occur twice in an expression. Since we are interested in the center-of-mass probability distribution, we introduce the respective center-of-mass position and bond vectors,
Using the new coordinates and,
we rewrite the Smoluchowski equation (20) as
We have introduced the respective deterministic velocities for center of mass and bond i,
and various diffusivities
The average over all diffusion tensors D ij is the Kirkwood diffusivity D r C , whereas D q i andD ij are diffusivities related to the bond vectors. The superscript T in Eq. (26) denotes the transposed tensor. We now write the full probability distribution ψ in the new coordinates r C , q 1 , . . . , q N−1 and introduce the center-of-mass probability distribution 
with the center-of-mass probability current,
The brackets . . . q denote an ensemble average over all bond vectors q i or polymer conformations with fixed r C ,
wherê
Note that the second and third terms on the right-hand side of Eq. (34) are not necessarily the same. In integrating Eq. (26) over all bond vectors q i , we use the reasonable assumption that all surface terms vanish. We, therefore, can immediately skip the terms in the second line of Eq. (26) . In the remaining terms, ψ is replaced by nψ from Eq. (36) and partial integrations are performed so that no gradient acts onψ and Eq. (35) can be applied. This procedure finally gives the center-of-mass probability current, Eq. (34).
Equations (33) and (34) determine the center-of-mass probability distribution. Whereas the last term on the righthand side of Eq. (34) describes conventional diffusion, 27 the remaining terms proportional to the distribution n formally are drift terms. However, only the first term is due to deterministic motion of the center of mass. The second to fourth terms result from the diffusional currents in Eq. (21). As we demonstrate explicitely in the following section, all of these terms, in principle, can lead to cross streamline migration. Here we add some general remarks.
The first term on the right-hand side of Eq. (34) describes migration due to hydrodynamic interactions and the applied external flow. Without hydrodynamic interactions the cross mobilities μ ij vanish and Eq. (27) 
6πηa) = 0 does not contribute to the center-ofmass motion since the total force acting on the filament has to be zero. As a result, without hydrodynamic interactions cross-streamline migration cannot occur. The second term on the right-hand side of Eq. (34) is the divergence of the Kirkwood diffusivity and a natural candidate for migration away from the centerline as demonstrated in Refs. 18 and 27. Finally, the third and fourth term vanishes whenever the divergence of the diffusion tensors or mobilities is zero. In particular, this is the case in an unbounded fluid when one treats hydrodynamic interactions on the level of the Oseen tensor or in the next higher order via the Rotne-Prager tensor. In our case, the third and fourth term will be non-zero due to wall-induced hydrodynamic interactions.
B. Analysis of the lateral center-of-mass current
Due to translational symmetry along the channel direction, the center-of-mass distribution does not vary along the y axis and the z-component of the center-of-mass current, i.e., the current across the channel is
In steady state the center-of-mass current j C is constant.
Since the current at the walls has to vanish, j C, z is zero everywhere across the channel.
In Fig. 11 , we plot all contributions of the center-of-mass current j C, z proportional to n for different bending rigidities of the filament. The sum of these currents balances the diffusional current − D r C ,zz q ∂ z C n. Concentrating on L P /L = 1, we recognize that close to the wall the deterministic drift current ż C q n is directed away from the wall, e.g., it is positive at z c = −W, and it dominates all the other currents. Hence, the hydrodynamic repulsion from the walls is responsible for the depletion at the walls. On the other hand, close to the centerline, the current is directed towards the wall and, therefore, causes depletion at the centerline. For L P /L = 1, the diffusional current −∂ z C D r C ,zz q n due to the gradient of the conformation-averaged Kirkwood diffusivity also points away from the centerline and contributes to the observed depletion. We understand this since the U-shaped conformation close to the centerline has a larger diffusivity than the straight conformation occurring outside the centerline. 18, 27 However, already at a stiffness of L P /L = 2, the deterministic drift current is clearly the dominant part for causing centerline depletion and at L P /L = 16 all the diffusional currents are negligible. The experiments of Ref. 29 were performed for L p /L = 1.6. So we conclude that the observed centerline depletion is mainly due to the deterministic drift current. We summarize our results here. Whereas the filament at the centerline displays more compact conformations like the U shape, close to the walls it is mainly aligned along the flow lines due to the large shear rate. Therefore, the friction coefficient for motion across the channel increases from the centerline to the wall and its inverse, the Kirkwood diffusivity, decreases monotonically from the centerline towards both walls. This initiates migration away from the centerline, 18, 27, 28 which can cause centerline depletion, 18, 20, 22, 27 and was therefore used to interpret the recent experiments of Steinhauser et al. 29 , 30 Here we demonstrate that for increasing bending rigidity, centerline depletion is mainly caused by the deterministic drift current. In the U-shaped conformation of Fig. 12(a) the filament experiences bending forces. When it relaxes, different parts of the filament interact hydrodynamically via flow fields initiated along the filament. These hydrodynamic interactions cause the center of mass to move away from the centerline as illustrated in the second video of the supplemental material. 43 Increasing the rigidity of the filament also increases the bending forces which explains why the deterministic drift currents in Fig. 11 close to the centerline increase with L P /L.
The shear-induced hydrodynamic repulsion of a dumbell from a wall has been treated in Refs. 18, 27, and 28. Similarly, close to the wall the shear flow stretches the filament and creates tensional forces which initiate flow fields as sketched in Fig. 3 on the left. They drive the filament away from the wall [see Fig. 12 (b) and the third video of the supplemental material 43 ]. These tensional forces do not depend on the filament's bending rigidity. Therefore, in Fig. 11 the deterministic drift currents close to the wall do not change with L P /L.
V. SUMMARY AND CONCLUSION
In this article we treated a paradigmatic model for studying how the properties of a system change when it is driven out of equilibrium. Motivated by the recent experiments, 29 we analyzed a single semiflexible polymer confined between two planar walls and under the influence of an imposed Poiseuille flow with special emphasis on the observed cross-streamline migration. We performed Brownian dynamics simulations for a bead-spring chain with bending rigidity and used the twowall Green tensor of the Stokes equations to take into account the hydrodynamic interactions along the polymer and with the wall. We carefully analyzed how polymer conformations, center-of-mass distribution, and orientational order of the end-to-end vector within the channel depend on parameters such as the flow strength and the stiffness of the model polymer. Analytic expressions for hard needles at zero flow reproduce the simulation results and demonstrate how the behavior of the model polymer changes when the Poiseuille flow is turned on. Our results are in agreement with experiments 29 and simulations 30, 31 that employ a different, particle based method to simulate the viscous environment called multiparticle collision dynamics.
In particular, we observed the characteristic bimodal probability distribution for the polymer's center of mass and showed that hydrodynamic interactions along the model polymer and with the wall are essential for this distribution to occur, whereas shape and orientation of the filament are mainly determined by the applied Poiseuille flow. Based on a Smoluchowski equation for the center-of-mass probability distribution, we investigated cross-streamline migration and the origin of the bimodal distribution in detail. Whereas the migration away from the wall is due to hydrodynamic interactions with the bounding walls, in agreement with Refs. 29-31 and work on flexible polymers, 16-22, 24, 25 we clearly identified a deterministic drift current as the major cause for migration away from the centerline, especially when the bending stiffness of the model polymer increases. The current is set up when bent conformations of the polymer relax towards the straight filament. Diffusional currents due to a position-dependent diffusivity become completely irrelevant with increasing rigidity of the polymers. This demonstrates that bending rigidity leads to a clear difference in the behavior of flexible and semiflexible polymers in Poiseuille flow and in the explanation of the observed cross-streamline migration. FIG. 12. (a) At the centerline, the relaxing U-shaped filament initiates flow fields relative to the applied Poiseuille flow. The resulting hydrodynamic interactions drive the filament away from the centerline (see also the second video of the supplemental material 43 ). The strength of the flow is given by the color code in arbitrary units. (b) Close to the wall the filament is under tension. This initiates flow fields illustrated in Fig. 3 on the left that drive the filament away from the wall (see also the third video of the supplemental material 43 ).
